Semiconductor Bi2O2Se nanolayers of high crystal quality have been realized via epitaxial growth. These two-dimensional (2D) materials possess excellent electron transport properties with potential application in nanoelectronics. It is also strongly expected that the 2D Bi2O2Se nanolayers could be of an excellent material platform for developing spintronic and topological quantum devices, if the presence of strong spin-orbit interaction in the 2D materials can be experimentally demonstrated. Here, we report on experimental determination of the strength of spin-orbit interaction in Bi2O2Se nanoplates through magnetotransport measurements. The nanoplates are epitaxially grown by chemical vapor deposition and the magnetotransport measurements are performed at low temperatures. The measured magnetoconductance exhibits a crossover behavior from weak antilocalization to weak localization at low magnetic fields with increasing temperature or decreasing back gate voltage. We have analyzed this transition behavior of the magnetoconductance based on an interference theory which describes the quantum correction to the magnetoconductance of a 2D system in the presence of spin-orbit interaction. Dephasing length and spin relaxation length are extracted from the magnetoconductance measurements. Comparing to other semiconductor nanostructures, the extracted relatively short spin relaxation length of ~150 nm indicates the existence of strong spin-orbit interaction in Bi2O2Se nanolayers.
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The discovery of graphene has inspired extensive investigation of electrical, mechanical and optical properties of two-dimensional (2D) materials [1] [2] [3] [4] [5] . As one of emerging 2D semiconducting materials, high-quality Bi2O2Se nanoplates has recently been successfully grown by chemical vapor deposition (CVD) on mica substrates 6 . The grown 2D Bi2O2Se
nanoplates not only possess a band energy gap, which is desired for applications in planar nanoelectronic logic devices and circuits, but also are stable against oxidation and moisture in the air 6, 7 . The electron field-effect mobility of the nanoplates is found to reach ∼450 cm 2 /V⋅s at room temperature. At the low temperature of 2 K, the high electron Hall mobility of ∼20000 cm 2 /V⋅s is detected and Shubnikov-de Haas (SdH) quantum coherent oscillations are observed at moderate magnetic fields in the Bi2O2Se nanoplates 6 , implying that the materials have excellent transport properties and could be potentially used as a new host material system for exploration of novel quantum transport phenomena. Considering the conduction electron states and the valence hole states around the band gap are dominantly built from the p-orbitals of Bi and Se elements 6 , 2D Bi2O2Se nanoplates are expected to possess strong spin-orbit interaction. Such layered semiconducting, strong-spin interacting electron systems are desired for constructing planar topological superconducting systems, in which Majorana bound states [8] [9] [10] [11] [12] [13] can be created and manipulated, with potential applications in topological quantum computing. Moreover, since electron spins can be manipulated by an electric field in an electron system with strong spin-orbit interaction, 2D Bi2O2Se nanoplates could be utilized for developing spintronic field-effect transistors and spin-based quantum information technology [14] [15] [16] . Thus, the main purpose of this work is to experimentally determine the strength of spin-orbit interaction in 2D Bi2O2Se nanoplates through magnetotransport measurements.
Magnetotransport is a key method to determine characteristic length scales in mesoscopic systems 17 , including spin relaxation length ( ), which is important to understand and control transport and spin manipulation process. In a scattered, time reversal electron system where electrons move in a diffusive instead of ballistic way, quantum interference occurs on closed paths, making a correction to the classical conductivity. With applying a small magnetic field, due to the suppression of the constructive interference between time-reversed closed trajectories, magnetoconductance increases with increasing magnetic field and displays the weak localization (WL) characteristics. In the presence of strong spin-orbit interaction, quantum correction to the zero-magnetic field classical conductivity becomes positive, leading to decrease in magnetoconductance with increasing 3 magnetic field and thus the weak antilocalization (WAL) characteristics 18 .
Here, we report on a detailed magnetotransport study of a Bi2O2Se nanoplate field- 19 . Freshly cleaved fluorophlogopite mica is employed as growth substrate, which possesses atomically flat surface and is an ideal substrate to synthesize ultra-thin 2D materials 20, 21 . Argon is used as the carrier gas to transfer the precursor to the growth region. For the further details regarding the materials growth, we refer to Refs. 6 and 20. Four parallel metal electrodes with a width of 800 nm and a pitch of 2.6 μm are made on the Bi2O2Se nanoplate. Figure 2b shows the schematic structure of the fabricated device and the circuit setup for the magnetotransport measurements presented in this work. The magnetotransport measurements are carried out in a physical property measurement system (PPMS) cryostat equipped with a uniaxial magnet. As shown in Figure 2b , the magnetotransport measurements are performed in a four-probe configuration using a standard lock-in technique, in which a 17-Hz AC current is supplied between the two outer electrodes and the voltage between the two inner contact electrodes is detected. To suppress the influence of Joule heating but in the same time also conductance fluctuations, low-field magnetoresistance measurements at each temperature are performed at several excitation currents. After evaluation of the test measurements, an optimal current excitation of 100 nA is found and is set in the following magnetotransport measurements 20, 24, 25 . temperature. This is a common feature of semiconductor field-effect devices, due to the presence of a high carrier density at a high temperature. At a large positive back gate voltage where the device is at an on-state, the conductance decreases with increasing temperature.
This is due to increase in phonon scattering with increasing temperature, as seen in other field-effect devices made from semiconductor nanoplates 26 . Taking into account the device geometry, the field-effect mobility and carrier density can be extracted from the measured transfer characteristics 27 , see Supplementary Information. At 2 K, the extracted field-effect mobility and carrier density are 1509 cm 2 /V • s and 2.7 × 10 12 cm -2 at Vbg = 30 V, giving a carrier mean-free path of ~35 nm in the Bi2O2Se nanoplate. This mean-free path value is much smaller than the distance between the two inner probes and thus the carrier transport in our Bi2O2Se nanoplate device is in the diffusive regime even at the low temperature of 2 K (see Supplementary Information for the measurements of the carrier density, mobility, and mean free path in the Bi2O2Se nanoplate at elevated temperatures).
To determine the electron phase coherence length and spin relaxation length in the Bi2O2Se nanoplate, low-field magnetotransport measurements are performed in the fabricated Bi2O2Se nanoplate device at low temperatures. Figure 3a shows the measured magnetoconductance = ( ) − ( = 0) at 2 K and at different back gate voltages.
Here, the measured curves are successively offset vertically for clarity. It is seen that the measured magnetoconductance shows a WAL-WL crossover with decreasing back gate voltage. At positive back gate voltages, the magnetoconductance near zero magnetic field shows the WAL characteristics, suggesting the existence of strong spin-orbit interaction in In a 2D disorder system, the low-field magnetoconductance is well described by the HLN quantum interference model. 32, 33 Assuming that the transport in the Bi2O2Se nanoplate is in the 2D disorder regime, as we will show below this assumption is appropriate, the quantum correction to the low-field magnetoconductance of the device is given by 
Here, Ψ(x) is the digamma function. Three subscripts are used to denote different scattering processes: for inelastic dephasing process, for spin-orbit scattering, and e for elastic scattering. , , is the characteristic field for each corresponding scattering mechanism and is given by is that is strongly dependent on back gate voltage , while shows a weak dependence on . The extracted decreases from 300 nm to 100 nm as sweeps from 30 to -14 V, indicating that the dephasing process is stronger in the low carrier density region. In addition, is much larger than the thickness of the nanoplate at all back gate voltages, which is fully consistent with the 2D nature of transport in the Bi2O2Se nanoplate we have assumed above. At the low temperature, the main source of dephasing is electronelectron interaction in two mechanisms. One is the Nyquist scattering representing the small energy transferred interactions of electrons with electromagnetic field fluctuations generated by the movement of neighboring electrons 34 . The other is the direct Coulomb interaction among the electrons. The observed enhanced dephasing process in our 2D Bi2O2Se nanoplate system with decreasing electron density can be attributed to an enhancement in the Nyquist scattering. This is because the direct Coulomb interaction among the electrons is insensitive to the electron density in a 2D system. However, as the electron density decreases, the screening of cruising electrons reduces and thus the Nyquist scattering becomes stronger.
As seen in Figure 3d , the phase coherence length and the spin-orbit coupling length exhibit a crossover with decreasing electron density. Thus, the crossover between WAL and WL characteristics seen in Figure 3a can be attributed to the change in the relative values of and . The extracted in the Bi2O2Se nanoplate is about 150 nm, which is shorter than that in AlxGa1-xN/GaN 2DEG (~290 nm) 28 and InSb nanowires (~250 nm) 31 . Thus, as we expected, the Bi2O2Se nanoplate exhibits a strong spin-orbit interaction and is an excellent candidate for realizing a helical electron system and a topological superconducting device for topological quantum computation. Here, we would like to note that due to the inversion symmetry presented in the material system, the SOI observed in the nanoplate is most likely of the Rashba type and should be able to be tuned by applying an electric field across the nanoplate. The weak tunability of by the back gate voltage observed in Figure   3 (d) arises from the fact that due to the ultra-thin Bi2O2Se conduction channel and a single back gate voltage in the device structure, the voltage applied to the back gate could only efficiently tune the carrier density in the nanoplate, but not an electric field across it. A way to achieve a largely tunable SOI Bi2O2Se device is to employ a dual-gate structure by, e.g., adding a top gate to the present device. Currently, such a dual-gate Bi2O2Se device technology is under development.
The WAL and WL characteristics of the magnetotransport in the Bi2O2Se nanoplate device are also studied at different temperatures. Figure 4a displays the measured low-field magnetoconductance of the device at = 30 at temperatures ranging from 2 to 13 K.
For clarity, the measured data at different temperatures are again vertically offset successively in this figure. At a low temperature, a sharp WAL characteristic magnetoconductance peak is seen in the vicinity of zero field. As temperature increases, the WAL peak is gradually suppressed and the low-field magnetoconductance evolves to show an overall WL dip, i.e., again a WAL-WL crossover behavior. The measured data at different temperatures are again fitted to the HLN formula of Eq. (1) and the results are presented by black solid lines in Figure 4a . Figure 4b shows the extracted characteristic transport lengths and from the fittings. It is shown that approximately does not change with increasing temperature. However, is strongly temperature dependent; it decreases with increasing temperature following a power law of ~− 0.57 , which is in a good agreement with our above assumption and analysis that the transport in the Bi2O2Se nanoplate is of the 2D nature and the dephasing dominantly arises from the electron-electron scattering processes with small energy transfers 34 . In correspondence to the temperature-driven WAL-8 WL crossover characteristics of the magnetoconductance, the relative values of and also show a crossover with increasing temperature. At low temperatures, the quantum correction to the low-field magnetotransport in Bi2O2Se nanoplate is dominantly governed by the WAL characteristics originating from strong spin-orbit interaction (i.e., short spinorbit interaction length). However, at high temperatures, the quantum correction to the lowfield magnetotransport is dominantly governed by the WL characteristics due to thermally enhanced dephasing processes (i.e., short coherence length).
In conclusion, we have detected the presence of a strong spin-orbit interaction in an ultra-thin Bi2O2Se nanoplate through the magnetotransport measurements at low 
S1. Extraction of the carrier density n2D and the field-effect mobility µ
To extract the carrier density in a Bi2O2Se nanoplate, we employ the parallel plate capacitor model, which is a good approximation when the size of the nanoplate is much larger than the thickness of the dielectric. Based on this parallel plate capacitor model, the capacitance (C) can be evaluated from
where 0 is the electric permittivity of vacuum, is the relative permittivity of SiO2 ( = 4), A is the area of the nanoplate, and d is the thickness of the dielectric SiO2. The electric charge (Q) presented in the nanoplate is given by
where
with Vbg being a voltage applied to the back gate and Vth the threshold pinch-off back gate voltage at which no conduction carriers are present in the nanoplate at zero temperature (or after neglecting thermal excited carriers at a finite temperature). The carrier density 2 in the nanoplate is then obtained from
where e is the elementary charge and = / is the capacitance per unit area.
The field-effect mobility is extracted from the linear region of the transfer characteristic curve of the Bi2O2Se nanoplate device by the following equation,
where L and W are the channel length (i.e., the distance between the source and drain contacts) and the channel width (i.e., the width of the nanoplate), Vds is a small source-drain voltage applied, and is the transconductance taken from the linear region of the transfer characteristics of the device. 
where τ is the momentum relaxation time, i.e., the time electrons travel between two collisions with scattering centers and phonons, and is the Fermi velocity of the carriers.
In the effective mass approximation, the Fermi velocity is given by
where ℏ is the reduced Planck constant, kF is the Fermi wave vector, and m * is the effective mass of the carriers. The momentum relaxation time can be evaluated from the mobility through the relation
Thus, the mean free path can be obtained from
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S3. Transfer characteristics of the Bi2O2Se nanoplate field-effect device at 2 K
In this supplementary note, we present in Figure S1 the transfer characteristics of the Bi2O2Se nanoplate field-effect device measured at 2K and describe, as an example, the procedure in which the carrier density, the field effect mobility, and the mean free path in the device are extracted. path Le as a function of Vbg at different temperatures in the same Bi2O2Se nanoplate as studied in the main article, extracted using the same procedure as described in the caption to Figure S1 .
